Abstract: Brittle fracture of large forging equipment usually leads to catastrophic consequences. To avoid this kind of accident, the brittle fracture behaviors of a large die holder were studied by simulating the practical application. The die holder is used on the large die forging press, and it is made of 55NiCrMoV7 hot-work tool steel. Detailed investigations including mechanical properties analysis, metallographic observation, fractography, transmission electron microscope (TEM) analysis and selected area electron diffraction (SAED) were conducted. The results reveal that the material generated a large quantity of large size polyhedral M 23 C 6 (M: Fe and Cr mainly) and elongated M 3 C (M: Fe mainly) carbides along the martensitic lath boundaries when the die holder was recurrently tempered and water-cooled at 250 • C during the service. The large size carbides lead to the material embrittlement and impact toughness degradation, and further resulted in the brittle fracture of the die holder. Therefore, the operation specification must be emphasized to avoid the die holder being cooled by using water, which is aimed at accelerating the cooling.
Introduction
Forging is one of the major production processes in the mechanical industry. It is also an advanced manufacturing technique that provides important engine components. Forging technology is widely used to produce high-performance mechanical parts in both military and civil fields, such as engine blades that are manufactured by hot die forging. A major disadvantage of hot die forging is the poor process reliability, as well as the low durability of dies and die holders. In addition, the expense of hot forging equipment is quite high, which usually takes a proportion of 8-15% of all the productive task costs. If considering the failures of hot forging equipment and manufacturing loss during the production, the expense will increase to 30-50% [1, 2] . Therefore, avoiding the failures of hot forging equipment is one of the most significant tasks for the forging industry.
The failures of dies and die holders are usually caused by wear, deformation, corrosion and fatigue during the production process [3, 4] . Especially, the dies and die holders have to suffer long-term cyclic mechanical and thermal loads [5, 6] . The cyclic mechanical loads can lead to fatigues, and the cyclic thermal loads can cause mechanical property degradation of dies and die holders. When the property degradation occurs, the die and die holder will easily fracture under the effect of the cyclic mechanical loads. The brittle fractures caused by property degradation usually lead to catastrophic consequences, and the preventive actions are difficult to find comparing with other failure modes [7] [8] [9] [10] . The large die holder studied in this paper is made of 55NiCrMoV7 hot-work tool steel, which is similar to 5CrNiMo in chemical composition except with higher content of Cr and V. Compared with 5CrNiMo, tool steel, which is similar to 5CrNiMo in chemical composition except with higher content of Cr and V. Compared with 5CrNiMo, the 55NiCrMoV7 has better hardenability and abrasion resistance. Furthermore, it has been widely used in aviation and motor industries [11] . Zhang et al. [12] studied the low cycle fatigue behaviors of 55NiCrMoV7 under different working temperatures. The results show that the cyclic load and working temperature can cause the cyclic softening and microstructure variation, which can lead to the property degradation of 55NiCrMoV7. Therefore, it is important to learn the brittle fracture mechanism of the large die holder and to exclude the factors resulting in material embrittlement. Moreover, it is necessary to take preventive actions to avoid brittle fracture, reduce economic losses and personnel casualties.
In this paper, the brittle fracture behaviors of the large press die holder was studied. Firstly, the failure background and the failure mode of the die holder are described. Then, the analysis techniques and methods, such as chemical composition analysis, metallographic observation, mechanical properties testing, tempering and water-cooling treatment, microstructure analysis and selected area electron diffraction (SAED), are scheduled. Thirdly, the experiments are conducted, and the results are comprehensively discussed. Finally, some conclusions and suggestions are made.
Failure Background of the Die Holder
The die holder studied in this paper is used on a large screw press for hot die forging. The profile of the die holder is shown in Figure 1 . The outline size of the die holder is 3640 mm (length) × 2430 mm (width) × 1150 mm (height) and the inner cavity size is 2200 mm (length) × 850 mm (width). The weight of the die holder is 62.26 t. The production processes of the die holder include vacuum smelting, forging, heat treatment and machining. According to the technical requirement, the material of the die holder is set to be 55NiCrMoV7 hot-work tool steel. The initial heat treatment of the die holder is as follows. Firstly, the die holder was roughly forged. Then, it was handled by using high temperature diffusion annealing. After that, the die holder was heated up from 20 °C to 850 °C at the speed of 50 °C/h. Then, it was austenitized for 15 h at 850 °C. Thirdly, the die holder was processed by using step quenching (water-oil quenching) one time, which is first water-quenched for 30 min and then oil-quenched to room temperature. Finally, it was submitted to a double tempering treatment, first at 620 °C and then at 560 °C. After the heat treatment, the microstructure is tempered martensite. The die holder generated a large crack during the process of forging aero-engine blades. The crack penetrates the bottom and the right side of the die holder whose length extends as long as 2316.7 mm as shown in Figures 1 and 2 , where the crack orientation is marked by using the arrows. Figure  2a is the crack morphology, where A represents the up side of the crack and B represents the down side, as the coordinates show in figures. Figure 2b is the numbered fracture of the A side that was cut from the die holder along the crack. On the inner bottom of the die holder, which is the top edge of the fracture, there is an obvious semicircular fatigue area (region 1). Furthermore, along the inner bottom surface, there are three surface cracking zones where the crack propagation directions are different from that of the fatigue area. The fracture characteristics of the die holder have been studied in our previous investigation [13] , and the information about the fracture characteristics are only The die holder generated a large crack during the process of forging aero-engine blades. The crack penetrates the bottom and the right side of the die holder whose length extends as long as 2316.7 mm as shown in Figures 1 and 2 , where the crack orientation is marked by using the arrows. Figure 2a is the crack morphology, where A represents the up side of the crack and B represents the down side, as the coordinates show in figures. Figure 2b is the numbered fracture of the A side that was cut from the die holder along the crack. On the inner bottom of the die holder, which is the top edge of the fracture, there is an obvious semicircular fatigue area (region 1). Furthermore, along the inner bottom surface, there are three surface cracking zones where the crack propagation directions are different from that of the fatigue area. The fracture characteristics of the die holder have been studied in our previous investigation [13] , and the information about the fracture characteristics are only briefly described in this section. The failure analysis of the die holder [13] has revealed that the crack initiated from the semicircular fatigue area (region 1) and the surface cracking zones (the top edges of region 2, region 4 and region 9, which are on the surface of the inner bottom as shown in Figure 2 ), where the fatigue is point source and the surface cracking zones are linear sources. The crack propagation region (the whole fracture except for region 1 and region 5) is rapid brittle fracture with large radial ridges. The microscopic morphology is quasi-cleavage, which is characterized by river patterns and tear ridges as shown in Figure 3 .
Metals 2017, 7, 198 3 of 14 briefly described in this section. The failure analysis of the die holder [13] has revealed that the crack initiated from the semicircular fatigue area (region 1) and the surface cracking zones (the top edges of region 2, region 4 and region 9, which are on the surface of the inner bottom as shown in Figure 2 ), where the fatigue is point source and the surface cracking zones are linear sources. The crack propagation region (the whole fracture except for region 1 and region 5) is rapid brittle fracture with large radial ridges. The microscopic morphology is quasi-cleavage, which is characterized by river patterns and tear ridges as shown in Figure 3 . The semicircular fatigue region and surface cracking zones of the die holder are shown in Figure  4 . The semicircular fatigue region is about 40 mm in diameter, and the region accounts for 0.02% of the whole fracture. The thickness of the surface cracking zones are 5-10 mm, as the red arrows show in Figure 4 , which take up 0.04% of the whole fracture. The die holder had been working for two years before failure. During the working process, the die holder had forged 113,025 products made of high strength stainless steel, titanium alloy and high temperature alloy at 150 °C to 350 °C, and it had endured the impact loads 351,089 times. The impact loads are usually between 180 MN and 280 MN. The maximum and minimum loads are 350 MN and 83 MN, respectively. The bearing capacity of the die holder is 350 MN, so the service stress of the die holder does not exceed the ultimate strength of the material. Considering that the fracture sources only account for 0.06% of the total fracture, the service stress is not large enough to explain such a large and rapid brittle fracture. Therefore, it must be other reasons that led to the brittle fracture. Thus, further study was made in this paper. briefly described in this section. The failure analysis of the die holder [13] has revealed that the crack initiated from the semicircular fatigue area (region 1) and the surface cracking zones (the top edges of region 2, region 4 and region 9, which are on the surface of the inner bottom as shown in Figure 2 ), where the fatigue is point source and the surface cracking zones are linear sources. The crack propagation region (the whole fracture except for region 1 and region 5) is rapid brittle fracture with large radial ridges. The microscopic morphology is quasi-cleavage, which is characterized by river patterns and tear ridges as shown in Figure 3 . The semicircular fatigue region and surface cracking zones of the die holder are shown in Figure  4 . The semicircular fatigue region is about 40 mm in diameter, and the region accounts for 0.02% of the whole fracture. The thickness of the surface cracking zones are 5-10 mm, as the red arrows show in Figure 4 , which take up 0.04% of the whole fracture. The die holder had been working for two years before failure. During the working process, the die holder had forged 113,025 products made of high strength stainless steel, titanium alloy and high temperature alloy at 150 °C to 350 °C, and it had endured the impact loads 351,089 times. The impact loads are usually between 180 MN and 280 MN. The maximum and minimum loads are 350 MN and 83 MN, respectively. The bearing capacity of the die holder is 350 MN, so the service stress of the die holder does not exceed the ultimate strength of the material. Considering that the fracture sources only account for 0.06% of the total fracture, the service stress is not large enough to explain such a large and rapid brittle fracture. Therefore, it must be other reasons that led to the brittle fracture. Thus, further study was made in this paper. The semicircular fatigue region and surface cracking zones of the die holder are shown in Figure 4 . The semicircular fatigue region is about 40 mm in diameter, and the region accounts for 0.02% of the whole fracture. The thickness of the surface cracking zones are 5-10 mm, as the red arrows show in Figure 4 , which take up 0.04% of the whole fracture. The die holder had been working for two years before failure. During the working process, the die holder had forged 113,025 products made of high strength stainless steel, titanium alloy and high temperature alloy at 150 • C to 350 • C, and it had endured the impact loads 351,089 times. The impact loads are usually between 180 MN and 280 MN. The maximum and minimum loads are 350 MN and 83 MN, respectively. The bearing capacity of the die holder is 350 MN, so the service stress of the die holder does not exceed the ultimate strength of the material. Considering that the fracture sources only account for 0.06% of the total fracture, the service stress is not large enough to explain such a large and rapid brittle fracture. Therefore, it must be other reasons that led to the brittle fracture. Thus, further study was made in this paper. 
Methods
In order to determine the reasons why brittle fracture of the die holder happens, extensive samples are cut from the broken die holder, and the research scheme of the paper is designed as follows. In this paper, region 4 contains three parts of the bottom, which is the main brittle fracture region and suffered the most severe environment stress. The regions 4-1, 4-2 and 4-3 refer to the upper, middle and lower regions of the die holder bottom, respectively. Samples cut from region 4, which can represent the mechanical properties of the whole bottom, were tested by using the chemical composition and metallographic analysis, hardness testing, tensile experiment and impact property testing. Meanwhile, the impact fracture features were investigated. Additionally, there is no original material of the die holder, so region 6, which suffered the least temperature and mechanical load effects, are used for comparison with region 4. Furthermore, the tempering and water-cooling experiment was designed to simulate the practical environment stress of the die holder, and the effect of cyclic tempering and water cooling on the material impact property was studied as well [14] . That is, the samples of region 6 were tempered for 40 min at the temperature of 150 °C, 250 °C, 350 °C and 450 °C, respectively, and then water-cooled. After tempering and water-cooling treatment, the impact property of region 6 was tested and the impact fractures were observed by using a scanning electron microscope (SEM) (TESCAN CHINA, LTD., Shanghai, China). Finally, the transmission electron microscope (TEM) (JEOL (BEIJING) CO., LTD., Beijing, China) and selected area electron diffraction (SAED) were applied to analyze the microstructure and precipitates of the regions 4 and 6 in detail to investigate the reasons for brittle fracture.
Results

The Chemical Composition and Metallography
The chemical composition analysis shows that the chemical composition meets the technical requirement of the die holder as shown in Table 1 . The metallographic samples removed from the broken die holder were eroded by using the 1% HNO3 + C2H5OH solution. The grain size was measured by using the comparison method, which is to compare the grain size under 100× magnification with the standard grain size chart. The results show that the die holder has a fine grain size of level 7 to 8. The microstructure is homogeneous with tempered martensite and there is no oxidation and decarbonization as shown in Figure 45a . In addition, the material has dot shaped nonmetallic inclusions. There is no large inclusion and obvious nonmetallic inclusion segregation zone as shown in Figure 45b . In conclusion, the material fits the technical requirements and there are no metallurgical defects. 
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Results
The Chemical Composition and Metallography
The chemical composition analysis shows that the chemical composition meets the technical requirement of the die holder as shown in Table 1 . The metallographic samples removed from the broken die holder were eroded by using the 1% HNO 3 + C 2 H 5 OH solution. The grain size was measured by using the comparison method, which is to compare the grain size under 100× magnification with the standard grain size chart. The results show that the die holder has a fine grain size of level 7 to 8. The microstructure is homogeneous with tempered martensite and there is no oxidation and decarbonization as shown in Figure 5a . In addition, the material has dot shaped nonmetallic inclusions. There is no large inclusion and obvious nonmetallic inclusion segregation zone as shown in Figure 5b . In conclusion, the material fits the technical requirements and there are no metallurgical defects. 
Hardness Analysis
The Rockwell hardness of samples cut from region 4 and region 6 were measured as shown in Table 2 . The results show that the hardness of region 4 is distributed between HRC 32.9 and HRC 33.1, which is lower than the technical requirement (HRC 36-HRC 40). As a whole, the hardness of region 4 is relatively homogeneous. However, the hardness of region 6 is HRC 37.2, which conforms to the technical requirements. Compared with region 6, the hardness of region 4 decreased by 11.3%, which indicates that the property of region 4 has degraded. According to Zhang's study, the service temperature of 55NiCrMoV7 can cause the tempering effect (aging effect), which results in the hardness decreasing, even though the service temperature is lower than the initial tempering temperature. Furthermore, the cyclic loads also can lead to the hardness diminution. As the hardness of region 6 has no obvious degradation, it can be concluded that region 6 had less cyclic mechanical and thermal loads than region 4, which is consistent with the practical service situation of the die holder. The hardness of region 6 is the most similar with the original material, so the samples of region 6 are used to compare with region 4 in the following. 
Tensile Properties
The tensile properties of region 4 and region 6 were tested. The results are shown in Table 3 . It turns out that the tensile properties of region 4 increase in turn from the upper region to the lower region. Moreover, the tensile properties of the upper region and the middle region are almost the same, while the lower region is higher than those of the other two regions. The tensile strengths of region 4 are between 1017 MPa and 1033 MPa. It meets the technical requirement, which is 1000-1250 MPa. The yield strength of region 4 is between 819 MPa and 833 MPa, which is in accordance with the technical requirements (≥650 MPa). The elongation (A) of the lower region is 16.5%, which meets 
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Tensile Properties
The tensile properties of region 4 and region 6 were tested. The results are shown in Table 3 . It turns out that the tensile properties of region 4 increase in turn from the upper region to the lower region. Moreover, the tensile properties of the upper region and the middle region are almost the same, while the lower region is higher than those of the other two regions. The tensile strengths of region 4 are between 1017 MPa and 1033 MPa. It meets the technical requirement, which is 1000-1250 MPa. The yield strength of region 4 is between 819 MPa and 833 MPa, which is in accordance with the technical requirements (≥650 MPa). The elongation (A) of the lower region is 16.5%, which meets the technical requirements. However, the elongations of the upper region and the middle region are lower than 15%. As a whole, the tensile properties of the lower region are better than those of the upper and middle region. Additionally, the tensile properties of region 6, which fit the technical requirement well, are superior to those of region 4, which indicates that the properties of region 6 are the most similar with the original material. It has to clarify that the tensile properties of region 4 and region 6 just meet the minimum value of the technical requirement, which indicates that the properties of both regions have degraded. Furthermore the degradation degree of region 6 is lower than region 4. Similarly, the different properties of region 4-1, 4-2 and 4-3 are also related to the degradation degree, which will be discussed in Section 5. 
Impact Property and Fracture Morphology
Impact toughness is one of the most important parameters to evaluate the brittle fracture resistance of material. Therefore, the impact property of v-notched samples removed from region 4 and region 6 were measured. The results are shown in Table 4 . The impact toughness of region 4 is between 9.0 J/cm 2 and 9.8 J/cm 2 , which are much lower than the technical requirements (≥25 J/cm 2 ). Moreover, the impact toughness of region 4-1, 4-2 and 4-3 decreases slowly in turn. However, the impact toughness of region 6 is 40.0 J/cm 2 , which fits the technical requirements well. Compared with region 6, the impact toughness of region 4 declines by 76.5%, which reveals that the impact toughness of region 4 has seriously degraded. The low impact toughness of region 4 also indicates that region 4 has pretty low impact resistance, which is easy to fracture under impact loads. To compare the impact fracture morphology of region 4 with region 6 as well as the brittle fracture, SEM observation was carried out. The impact fractures of region 4 and region 6 are shown in Figure 6 . It can be seen that there is little fiber region and shear lip on the fracture surfaces of region 4, and most of the fracture surface is the radial region with a large quantity of radial ridges, which indicates that the impact toughness of region 4 is very low. However, the impact fracture of region 6 has obvious shear lip, which is much larger than that of region 4. It indicates that the impact toughness of region 6 is much higher than that of region 4, which is consistent with the tested impact toughness. To further study the property differences of region 4 and region 6, the high magnification morphology of radial regions are shown in Figure 7 . It is obvious that the microscopic morphology of the radial region on region 4 is classical quasi-cleavage with large cleavage step patterns and tear ridges. The microscopic morphology of region 6 is also quasi-cleavage, but the surface is more flat than that of region 4, and there are no obvious cleavage step patterns, which also indicates that the impact toughness of region 4 is much lower than that of region 6. To further study the property differences of region 4 and region 6, the high magnification morphology of radial regions are shown in Figure 7 . It is obvious that the microscopic morphology of the radial region on region 4 is classical quasi-cleavage with large cleavage step patterns and tear ridges. The microscopic morphology of region 6 is also quasi-cleavage, but the surface is more flat than that of region 4, and there are no obvious cleavage step patterns, which also indicates that the impact toughness of region 4 is much lower than that of region 6. To further study the property differences of region 4 and region 6, the high magnification morphology of radial regions are shown in Figure 7 . It is obvious that the microscopic morphology of the radial region on region 4 is classical quasi-cleavage with large cleavage step patterns and tear ridges. The microscopic morphology of region 6 is also quasi-cleavage, but the surface is more flat than that of region 4, and there are no obvious cleavage step patterns, which also indicates that the impact toughness of region 4 is much lower than that of region 6. 
The Tempering and Water-Cooling Effect on Impact Property
The above analysis has demonstrated that the mechanical properties of region 6 are much superior to those of region 4. Furthermore, all the mechanical properties of region 6 meet the technical requirements, while those of region 4 do not meet them. It reveals that the properties of region 4 have degraded, especially the impact toughness which represents the impact resistance of the material. Furthermore, the mechanical properties of region 6 are the most similar to the original material of the die holder. Therefore, samples cut from region 6 are employed for tempering and water-cooling experiments.
To investigate the reason for impact toughness degradation, the tempering and water-cooling experiment was used on the samples of region 6 to simulate the practical environment stress of the die holder. Each experiment has three parallel samples, and the results given are the average values. The results are shown in Figure 8 . The impact toughness of region 6 is 40 J/cm 2 before tempering and water-cooling treatment, which is much higher than the minimum value of technical requirements (25 J/cm 2 ). The results demonstrate that region 6 is of excellent impact resistance. However, the impact toughness decreases to 33.8 J/cm 2 after tempering and water-cooling treatment at 150 °C. The impact toughness increases with the tempering temperature rising. When the sample is tempered and watercooled at 450 °C, the impact toughness reaches 41.1 J/cm 2 , which is slightly above the impact toughness before tempering and water-cooling treatment. In a word, the impact toughness degradation is caused by tempering and water-cooling treatment at the temperatures between 150 °C and 350 °C. During the service process of the die holder, the temperature which region 4 endured is right between 150 °C and 350 °C. It means that the impact toughness degradation of region 4 is related to the tempering and water-cooling effects. It should be noticed that the minimum impact toughness after tempering and water-cooling treatment is 33.8 J/cm 2 , but the impact toughness of region 4 is much lower than 33.8 J/cm 2 . The reason is that the impact toughness is measured after tempering and water-cooling treatment once. However, the die holder has endured the tempering and water-cooling effects at 150 °C to 350 °C for 113,025 times as well as the cyclic loads for 351,089 times, which would result in much lower impact toughness as measured in region 4. 
To investigate the reason for impact toughness degradation, the tempering and water-cooling experiment was used on the samples of region 6 to simulate the practical environment stress of the die holder. Each experiment has three parallel samples, and the results given are the average values. The results are shown in Figure 8 . The impact toughness of region 6 is 40 J/cm 2 before tempering and water-cooling treatment, which is much higher than the minimum value of technical requirements (25 J/cm 2 ). The results demonstrate that region 6 is of excellent impact resistance. However, the impact toughness decreases to 33.8 J/cm 2 after tempering and water-cooling treatment at 150 • C. The impact toughness increases with the tempering temperature rising. When the sample is tempered and water-cooled at 450 • C, the impact toughness reaches 41.1 J/cm 2 , which is slightly above the impact toughness before tempering and water-cooling treatment. In a word, the impact toughness degradation is caused by tempering and water-cooling treatment at the temperatures between 150 • C and 350 • C. During the service process of the die holder, the temperature which region 4 endured is right between 150 • C and 350 • C. It means that the impact toughness degradation of region 4 is related to the tempering and water-cooling effects. It should be noticed that the minimum impact toughness after tempering and water-cooling treatment is 33.8 J/cm 2 , but the impact toughness of region 4 is much lower than 33.8 J/cm 2 . The reason is that the impact toughness is measured after tempering and water-cooling treatment once. However, the die holder has endured the tempering and water-cooling effects at 150 • C to 350 • C for 113,025 times as well as the cyclic loads for 351,089 times, which would result in much lower impact toughness as measured in region 4. The impact fractures of region 6 after tempering and water-cooling treatment at different temperatures are shown in Figure 9 . It can be seen that the fracture morphology with low magnification is similar, which includes three regions. The upper part of the fracture is the fiber region. The middle is the radial region. The lower, left and right sides of the fracture are shear lip. Moreover, the size of different regions on each fracture changes with the tempering temperature. The proportion of radial region and shear lip on two sides increase with the temperature rising, but the lower shear lip decreases. The radial region after being tempered was at 250 °C, which is the same as the fracture of region 4, as shown in Figure 3a . The impact fractures of region 6 after tempering and water-cooling treatment at different temperatures are shown in Figure 9 . It can be seen that the fracture morphology with low magnification is similar, which includes three regions. The upper part of the fracture is the fiber region. The middle is the radial region. The lower, left and right sides of the fracture are shear lip. Moreover, the size of different regions on each fracture changes with the tempering temperature. The proportion of radial region and shear lip on two sides increase with the temperature rising, but the lower shear lip decreases. The radial region after being tempered was at 250 • C, which is the same as the fracture of region 4, as shown in Figure 3a . The impact fractures of region 6 after tempering and water-cooling treatment at different temperatures are shown in Figure 9 . It can be seen that the fracture morphology with low magnification is similar, which includes three regions. The upper part of the fracture is the fiber region. The middle is the radial region. The lower, left and right sides of the fracture are shear lip. Moreover, the size of different regions on each fracture changes with the tempering temperature. The proportion of radial region and shear lip on two sides increase with the temperature rising, but the lower shear lip decreases. The radial region after being tempered was at 250 °C, which is the same as the fracture of region 4, as shown in Figure 3a . The brittle fracture morphology of the die holder is the same as the radial region of the impact fracture at low magnification. Therefore, the radial region morphology of region 6 was observed by using SEM at high magnification as shown in Figure 10 . Though the samples were tempered and water-cooled at different temperatures, the microscopic morphology of radial regions are all quasi-cleavage. However, the quasi-cleavage patterns and quasi-cleavage steps are various at different tempering temperatures. The microscopic fracture of region 4 has the same quasi-cleavage morphology as that tempered at 250 • C, both of which have obvious quasi-cleavage steps as shown in Figures 3b  and 10c.   Metals 2017, 7, 198 10 of 14
The brittle fracture morphology of the die holder is the same as the radial region of the impact fracture at low magnification. Therefore, the radial region morphology of region 6 was observed by using SEM at high magnification as shown in Figure 10 . Though the samples were tempered and water-cooled at different temperatures, the microscopic morphology of radial regions are all quasicleavage. However, the quasi-cleavage patterns and quasi-cleavage steps are various at different tempering temperatures. The microscopic fracture of region 4 has the same quasi-cleavage morphology as that tempered at 250 °C, both of which have obvious quasi-cleavage steps as shown in Figure 3b andFigure 10c. 
Transmission Electron Microscope Analysis
To investigate the mechanism of impact toughness degradation of region 4, the microstructures of region 4 and region 6 before tempering and water-cooling treatment were compared by using the TEM. Figure 11 is the bright-field images of region 4 and region 6. The microstructure of the two regions are both lath martensite and carbides [11] .
The observation of precipitate morphology results indicate that there are many precipitates with different shapes in region 4 and region 6. There are three kinds of precipitates in region 4: the hexagonal precipitates whose sizes are 200 nm to 300 nm as shown in Figure 12a . The tetragonal precipitates whose sizes are 400 nm to 640 nm as shown in Figure 12b . The elongated precipitates, most of which are between 50 nm and 1.5 μm, and a few of them are less than 50 nm as shown in Figure 12c . 
The observation of precipitate morphology results indicate that there are many precipitates with different shapes in region 4 and region 6. There are three kinds of precipitates in region 4: the hexagonal precipitates whose sizes are 200 nm to 300 nm as shown in Figure 12a . The tetragonal precipitates whose sizes are 400 nm to 640 nm as shown in Figure 12b . The elongated precipitates, most of which are between 50 nm and 1.5 µm, and a few of them are less than 50 nm as shown in Figure 12c . In order to determine the phase of the precipitates, the SAED was utilized on precipitates. The results reveal that the SAED patterns of hexagonal precipitates and tetragonal precipitates belong to the different crystal zone axes of the same face-centered lattice as shown in Figure 12 . Furthermore, they have identical chemical composition. Therefore, the hexagonal precipitates and the tetragonal precipitates are the same substance, which are collectively called the polyhedron precipitates. Compared with the standard SAED patterns data of precipitates in steel, the SAED pattern of elongated precipitates is the same as the pattern of the [001] crystal zone axis of orthorhombic lattice. The precipitates were affirmed by comparing the lattice parameter of indexed patterns with the standard PDF cards, as well as by analyzing the chemical composition of precipitates (Table 5 ). The polyhedron precipitates are M23C6 carbides, where M are mainly Fe and Cr. The elongated precipitates are M3C carbides, where M are mostly Fe. In region 4, the small size M3C carbides are distributed mainly in lath martensite, while the large size M3C carbides are distributed mainly along the boundaries of lath martensite as shown in Figure 12a . In order to determine the phase of the precipitates, the SAED was utilized on precipitates. The results reveal that the SAED patterns of hexagonal precipitates and tetragonal precipitates belong to the different crystal zone axes of the same face-centered lattice as shown in Figure 12 . Furthermore, they have identical chemical composition. Therefore, the hexagonal precipitates and the tetragonal precipitates are the same substance, which are collectively called the polyhedron precipitates. Compared with the standard SAED patterns data of precipitates in steel, the SAED pattern of elongated precipitates is the same as the pattern of the [001] crystal zone axis of orthorhombic lattice. In order to determine the phase of the precipitates, the SAED was utilized on precipitates. The results reveal that the SAED patterns of hexagonal precipitates and tetragonal precipitates belong to the different crystal zone axes of the same face-centered lattice as shown in Figure 12 . Furthermore, they have identical chemical composition. Therefore, the hexagonal precipitates and the tetragonal precipitates are the same substance, which are collectively called the polyhedron precipitates. Compared with the standard SAED patterns data of precipitates in steel, the SAED pattern of elongated precipitates is the same as the pattern of the [001] crystal zone axis of orthorhombic lattice. The precipitates were affirmed by comparing the lattice parameter of indexed patterns with the standard PDF cards, as well as by analyzing the chemical composition of precipitates (Table 5 ). The polyhedron precipitates are M23C6 carbides, where M are mainly Fe and Cr. The elongated precipitates are M3C carbides, where M are mostly Fe. In region 4, the small size M3C carbides are distributed mainly in lath martensite, while the large size M3C carbides are distributed mainly along the boundaries of lath martensite as shown in Figure 12a . The precipitates were affirmed by comparing the lattice parameter of indexed patterns with the standard PDF cards, as well as by analyzing the chemical composition of precipitates (Table 5 ). The polyhedron precipitates are M 23 C 6 carbides, where M are mainly Fe and Cr. The elongated precipitates are M 3 C carbides, where M are mostly Fe. In region 4, the small size M 3 C carbides are distributed mainly in lath martensite, while the large size M 3 C carbides are distributed mainly along the boundaries of lath martensite as shown in Figure 12a . As shown in Figure 13 , the precipitates of region 6 are mainly elongated precipitates whose sizes are mainly within 100 nm. Most of the precipitates are almost globular, except for a few that are elongated. Therefore, the precipitates' size in region 6 is much smaller than those of region 4. In addition, region 6 has no polyhedron precipitates. The SAED patterns of elongated precipitates were indexed, and the results are the same as that of region 4, which is shown in Figure 13 . The elongated precipitates are M 3 C carbides, where M are mainly Fe [15, 16] . However, the M 3 C carbides of region 6 are distributed mainly in lath martensite, and only a few of them are located at the martensitic lath boundaries.
As shown in Figure 13 , the precipitates of region 6 are mainly elongated precipitates whose sizes are mainly within 100 nm. Most of the precipitates are almost globular, except for a few that are elongated. Therefore, the precipitates' size in region 6 is much smaller than those of region 4. In addition, region 6 has no polyhedron precipitates. The SAED patterns of elongated precipitates were indexed, and the results are the same as that of region 4, which is shown in Figure 13 . The elongated precipitates are M3C carbides, where M are mainly Fe [15, 16] . However, the M3C carbides of region 6 are distributed mainly in lath martensite, and only a few of them are located at the martensitic lath boundaries. The M23C6 and M3C carbides are both hard and brittle phases in tempered steel. M23C6 carbides are mainly formed in the process of heat treatment, which are transformed by undissolved MC carbides during the tempering process. However, the carbides in tempered 55NiCrMoV7 are not always changeless. The existing small carbides can coalesce and grow up under the interaction of cyclic mechanical and thermal loads during the service process [12] . Especially, the fatigue loads can accelerate the growth of M23C6 carbides [17] [18] [19] . In region 4, plenty of large size M23C6 carbides that are formed along the martensitic lath boundaries can decrease the impact toughness. Moreover, the large size M3C carbides can seriously decrease the impact toughness and increase the material brittleness, especially the elongated M3C carbides that are distributed in the boundaries of lath martensite. Finally, the interaction of M23C6 and M3C carbides result in the impact toughness degradation [20, 21] .
Discussion
During the service process, the die holder needs to be preheated to 240 °C by using heating rods built in the bottom of the die holder before working. The die holder is used to install the forging die. Furthermore, the inner bottom (region 4) of the die holder would directly contact with the die where the temperature is about 250 °C. Therefore, the inner bottom temperature of the die holder remains at 250 °C during the forging process, while the temperature of the undersurface and region 6 may slowly decrease because they are exposed in air. According to the operation rule, each forging product uses one exclusive forging die, and the die and die holder must be air-cooled when replacing forging product. However, in order to accelerate cooling, operators usually cool the die holder by using water, which results in the cyclic tempering and a water-cooling effect on the bottom of the die holder. The die holder has endured the tempering and water-cooling effect at 150 °C to 350 °C 113,025 times as well as the cyclic mechanical loads 351,089 times. In this paper, the tempering and watercooling experiment successfully simulates the effect. In addition, the results demonstrate that the The M 23 C 6 and M 3 C carbides are both hard and brittle phases in tempered steel. M 23 C 6 carbides are mainly formed in the process of heat treatment, which are transformed by undissolved MC carbides during the tempering process. However, the carbides in tempered 55NiCrMoV7 are not always changeless. The existing small carbides can coalesce and grow up under the interaction of cyclic mechanical and thermal loads during the service process [12] . Especially, the fatigue loads can accelerate the growth of M 23 C 6 carbides [17] [18] [19] . In region 4, plenty of large size M 23 C 6 carbides that are formed along the martensitic lath boundaries can decrease the impact toughness. Moreover, the large size M 3 C carbides can seriously decrease the impact toughness and increase the material brittleness, especially the elongated M 3 C carbides that are distributed in the boundaries of lath martensite. Finally, the interaction of M 23 C 6 and M 3 C carbides result in the impact toughness degradation [20, 21] .
During the service process, the die holder needs to be preheated to 240 • C by using heating rods built in the bottom of the die holder before working. The die holder is used to install the forging die. Furthermore, the inner bottom (region 4) of the die holder would directly contact with the die where the temperature is about 250 • C. Therefore, the inner bottom temperature of the die holder remains at 250 • C during the forging process, while the temperature of the undersurface and region 6 may slowly decrease because they are exposed in air. According to the operation rule, each forging product uses one exclusive forging die, and the die and die holder must be air-cooled when replacing forging product. However, in order to accelerate cooling, operators usually cool the die holder by using water, which results in the cyclic tempering and a water-cooling effect on the bottom of the die holder. The die holder has endured the tempering and water-cooling effect at 150 • C to 350 • C 113,025 times as well as the cyclic mechanical loads 351,089 times. In this paper, the tempering and water-cooling experiment successfully simulates the effect. In addition, the results demonstrate that the long-term combined action of tempering and water-cooling effect at 150-350 • C, as well as the cyclic mechanical loads, caused the growth and coalescence of carbides in the microstructure of 55NiCrMoV7 steel. Then, the large size M 23 C 6 and M 3 C carbides distributed at the boundaries of lath martensite lead to the degradation of impact toughness and the material embrittlement, which can easily result in brittle fracture. Additionally, the forging forces act mainly on the inner bottom of the die holder, so region 4 suffers more severe cyclic mechanical loads, as well as tempering and a water-cooling effect, than other regions. However, region 6 only suffers the cyclic tempering without water-cooling, as it is far away from the water-cooling region. Therefore, it was the long-term cyclic water-cooling as well as the cyclic mechanical loads during the service process that result in the serious impact toughness degradation in region 4. The temperature of the inner bottom is higher than the undersurface, and the water cooling also occurs on the inner bottom, so the tempering and water-cooling effect on the inner bottom is more obvious than that of the undersurface. Therefore, the mechanical properties of region 4-1, 4-2 and 4-3 are different. Because region 6 is far away from the regions of the tempering and water-cooling treatment as well as the cyclic mechanical loads, the large carbides of region 6 have not been formed, and, therefore, it does not present the brittleness. Finally, because the impact resistance of region 4 has seriously degraded, the brittle fracture whose microscopic feature is quasi-cleavage occurred on the whole bottom of the die holder under impact load during forging.
Conclusions
•
The serious material embrittlement and brittle fracture of the die holder are caused by the long-term tempering and water-cooling effect as well as the cyclic mechanical loads. In addition, the operation specification must be emphasized to avoid the die holder being cooled by using water during the working process.
The tempering and water-cooling treatment at 150 • C to 350 • C could lead to the impact toughness degradation and material embrittlement. The effect of material embrittlement declines with the tempering temperature rising.
The material embrittlement are related to the large size M 23 C 6 (M: mainly Fe and Cr) and M 3 C carbides (M: mainly Fe) distributed in the martensitic lath boundaries.
